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1 Introduction

1.1 Motivation

Most practical wall-bounded turbulent flows of interest, like flows over turbine blades, through
heat exchangers, and over aircraft and ship hulls, are influenced by surface-roughness effects. In
some applications, surface defects can be small on an absolute scale but can still be aerodynam-
ically important if they are large relative to the viscous length scale of the turbulence (at high
Reynolds number (Re), for example). In many other cases, however, the surface conditions in prac-
tical wall-bounded flows can degrade over time, from hydraulically smooth prior to deployment to
significantly roughened over time due to harsh operating conditions. Examples of such conditions
include cumulative damage to turbine blades (Bons, 2002), cumulative algae/barnacle buildup on
the surfaces of submarines and ships (Karlsson, 1980) and surface erosion observed on the blades
of windmills operating near the sea. In most cases surface roughness significantly increases the
wall shear stress and can augment heat and mass transfer at the wall, resulting in an increase in
the thermal loading of a system. This latter effect can severely reduce the lifetime of vital parts
of many practical engineering systems (like turbine blades). Therefore, a clear understanding of
the impact of surface roughness on wall-bounded turbulent flow is imperative for successful modeling
and control of these flows to improve both the efficiency and lifetime of a variety of vital engineering
systems.

Rough-wall turbulence has received intense research attention over the last several decades.
The review articles of Raupach et al. (1991) and Jimenez (2004), for example, provide thorough
summaries of the knowledge gleaned from this research. Unfortunately, nearly all of these studies
involved the use of only one roughness scale (sand grain, ordered arrays of elements, wire mesh,
etc.) to study the impact of non-ideal surface conditions on wall-bounded turbulence (such idealized
roughness conditions will be hereon referred to as "simulated roughness"). However, in the case
of turbine blades, surface defects are attributable to multiple damage mechanisms, like deposition
of foreign materials, pitting and spallation, that render the surface conditions highly non-uniform
(Bons, 2002). As such, a single roughness type and scale cannot be expected to be a sufficient
representation of real roughness. Therefore, successful modeling and control of practical engineering
flows, both before operation and throughout the lifetime of a flow system, requires documentation
of the influence of roughened surfaces, particularly highly-irregular roughness, on the underlying
character of the flow. The present effort is meant to contribute in this regard.
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1.2 Background

1.2.1 Classical rough-wall boundary layer theory

One of the most well-known effects of surface roughness on wall turbulence is to shift the logarithmic
region of the mean velocity profile downwards by an amount of AU+, the roughness function, and to
shift the origin of the mean profile by some distance yo*. The superscript "+" denotes normalization
by the friction velocity, u, = V1 P and the kinematic viscosity of the fluid, v (ru is the wall shear
stress and p is the fluid density). Therefore, the mean velocity profile in the overlap region can be
expressed as

U+ =1ln(y - y.) + +- A - AU + , (1

where K and A are the von Karman and integration constants, respectively. Note that upper-case
variables will represent mean quantities while primed quantities, (-)', will represent fluctuations
about the mean throughout. By assuming a universal log-region velocity defect of

+ - V + = f(*U/u,-), (2)

where Ue is the freestream velocity and * is the displacement thickness, Hama (1954) found that
the roughness function is directly related to the local skin-friction coefficient, cf r/(1pU,2), over
smooth and rough walls as

AU+ ( )moth -( )rough, (3)

However, the notion of a universal velocity defect law for arbitrary roughness has been questioned
by several recent studies (Shafi & Antonia, 1997; Krogstad & Antonia, 1999; Keirsbulck et al., 2002;
Tachie et al., 2000, 2003; Poggi et al., 2003; Bhaganagar et al., 2004).

A fundamentally-important issue in rough-wall turbulence is accurate determination of the wall
shear stress (or equivalently the friction velocity, u,). Direct measurement of Tw over rough surfaces
is quite difficult and can be very inaccurate, so various indirect measures of u, from the measured
mean velocity or Reynolds shear stress profiles have been proposed in the literature. These methods
include the modified "Clauser chart" method, the velocity profile matching method by Krogstad
et al. (1992) and the constant stress method. The modified Clauser chart method involves fitting
the measured mean velocity profile in the logarithmic layer to Eq. (1) which yields estimates of uT,

Yo and AU + . In contrast, the profile matching method of Krogstad et al. (1992) fits the measured
mean velocity profile to both the log law [Eq.. (1)] as well as a wake function near the boundary-
layer edge as a means of inferring u, yo and AU+. Alternatively, one can assess u, independently
from the measured Reynolds shear stress, (u'v'), profiles. This method relies upon the existence
of nearly constant (u/v0} at the outer edge of the log layer. If one considers the mean momentum
equation for a turbulent boundary layer given by

U+ U + +V + au+ +(u'+v' + ) _ 
2U+

1X+ 4y +  0Y+ (4)

and invokes standard boundary-layer approximations, one observes that the first two terms on
the left-hand-side of Eq. (4) are small compared to the Reynolds stress and viscous terms in the

'Throughout this report, 2, y and z will refer to the streamwise, wall-normal and spanwise directions, respectively,
while u. v and ?v will represent the velocity components in these directions.
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near-wall region. Therefore, close to the wall the mean momentum equation reduces to a balance
between the net turbulent and viscous forces as

a(u'+v'+) + (2U5
ay+ 6Oy+2

Applying the boundary condition OU+/Oy4 +=o = 1, the above equation can be integrated with
respect to y to obtain

aU+-(u'+v'+) + --= 1, (6)

or in dimensional form 2 'ou - ( u''T (7)

In the log layer and beyond, the viscous stress [first term on the right-hand-side of Eq. (7)] is now
negligible compared to turbulent stress (second term), meaning one can use the measured Reynolds
shear stress to estimate u,. Smalley et al. (2001) observed that over most surfaces at relatively
high Re, a plateau of Reynolds stress exists at y/5 ; 0.2. This method has been extensively used
in rough-wall boundary layer studies (Mulhearn & Finnigan, 1978; Raupach et al., 1980; Raupach,
1981; Raupach et al., 1986; Weber, 1999, for example). Once ur is assessed in this manner, Yo and
AU+can be determined by fitting the measured mean velocity profile in the log layer to Eq. (1).

Nikuradse (1933) performed the first in-depth studies of rough-wall flow by uniformly gluing
sand grains to the inner surface of a circular pipe. The grains were carefully filtered to maximize
the size uniformity of the sand grains. Nikuradse (1933) found that the mean velocity profile in
the log layer was given by

U+ ln(y/k,) + 8.5, (8)

where k, is termed the equivalent sand-grain roughness height (in the case of Nikuradse's exper-
iments, it simply represents the mean size of the sand grains). Comparing Eqs. (8) and (1), the
sand-grain size, k,, can be directly related to the roughness function, AU + , as

AU + =1n(k+) + A - 8.5. (9)

This relationship between AU + and k, is important because it allows one to relate the effects of
non-sand-grain roughness with roughness height k to the original experiments of Nikuradse (1933)
through an equivalent sand grain height k. That is, k, is the equivalent sand-grain height that
yields the same AU + as a non-sand-grain roughness with height k.

If k, is proportional to k (as is the case for most rough surfaces), then the roughness of interest
is termed "k-type". In this context, the roughness function can be expressed as a function of the
roughness Reynolds number, k+ - ku /, as

AU + = 1 ln(k+) + C, (10)

where C is a roughness-dependent constant. If, however, k, is not proportional to k but rather to
the outer length scale of the flow (like the pipe diameter d or the boundary-layer thickness 6), the
roughness is termed "d-type". In such cases, AU+ can be expressed as

AU +  ln(d+) + G, (11)

where the additive constant G depends on the character of the roughness. The distinction between
"k-type" and "d-type" roughness was first made by Perry et al. (1969). Finally, while k+ (or k+ )
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represents a measure of the roughness height relative to the viscous length scale, the blockage ratio,
61/k (where 6 is the outer length scale of the flow), represents a measure of the direct effects of
surface roughness on the log and outer layers of the flow as proposed by Jimenez (2004).

Finally, flow over a given surface is generally classified into three regimes with regard to rough-
ness effects: hydraulically smooth, transitionally rough and fully rough. It is generally accepted
that a surface is hydrodynamically smooth if k+ < 4 - 5. In such cases, the roughness is entirely
submerged in the viscous sublayer and the roughness function effectively vanishes. However, Brad-
shaw (2000) recently argued that the drag on the surfaces of sparse roughness elements is actually
proportional to k2 , meaning that a "critical roughness height" is not likely to exist. The flow is
termed transitionally rough in the range 5 < k+ < 60 - 70. In this flow regime, the roughness
function is found to be strongly dependent on the roughness character. Finally, for k+ > 70, the
flow regime is referred to as fully rough and the roughness function is assumed to be universal. In
this regime, the drag on the roughness elements is dominant compared with viscous contribution
to the skin friction.

1.2.2 Wall similarity

As noted earlier, there is intense debate regarding the existence of a universal velocity defect law
over arbitrary roughness. The possible existence of such a universal law is certainly consistent
with the Reynolds-number similarity hypothesis offered by Townsend (1976) which proposes that
turbulence far from the wall is unaffected by the surface conditions at high Re. In the context of
rough-wall turbulence, Raupach et al. (1991) summarized this hypothesis, also referred to as wall
similarity, as

"Outside the roughness (or viscous) sublayer, the turbulent motions in a boundary layer
at high Re are independent of the wall roughness and the viscosity, except for the role
of the wall in setting the velocity scale u,, the height Z = z - d and the boundary-layer
thickness 6. "

The roughness sublayer is defined as a layer that is dynamically influenced by length scales associ-
ated with the roughness elements and occupies 3-5 roughness heights from the wall. Alternatively,
since u, - V/TIp, the wall-similarity hypothesis equivalently states that the roughness sets the
drag at the surface and the turbulence above the wall adjusts itself such that it remains universal
when scaled appropriately by u,.

The validity of wall similarity over arbitrary roughness is still an open question. Some studies
support this hypothesis while others directly question its validity. These studies have been per-
formed in various facilities (including wind or water tunnels, open channel flumes and turbulent
channels) and have considered a wide range of roughness types and scales in terms of both k+

and 6/k. A summary of these studies is given in tables 1 and 2 which detail the flow parameters
of studies that support and violate wall similarity, respectively. It should be noted that Jimenez
(2004) proposed 6/k > 40 as a requirement for wall similarity to be valid. Motivation for defining a
threshold for wall similarity based on 6/k comes from the fact that this ratio represents a measure
of the scale separation between the outer length scale of the flow and the characteristic length scale
of the roughness. That is, the larger the value of 6/k the wider the physical separation between the
roughness sublayer and the outer-layer turbulence. Note that there still exists some debate regard-
ing whether the geometric scale of the roughness, k, or the equivalent sandgrain scale, k8 , is more
representative of the extent of the roughness sublayer. In this regard, Flack et al. (2005) suggests
that 6/k, > 40 is a more suitable threshold than 6/k > 40 for the existence of wall similarity.
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Table 1: Past studies that observe wall-similarity.
Studies Flow Roughness k+  k+  6/k 61k,

Raupach (1981) BL Cylinder 337-427 - 19-129 -

Ligrani & Moffat (1986) BL Spheres 22-63 - - -

Bandyopadhyay & Watson (1988) BL 21) grooves 15-18 - 60
Flack et al. (2005) BL Sandpaper 134 100 '16.2 62.5

Woven mesh 64 138 97.2 45.5

Schultz & Flack (2003) BL Sandpaper 7.6-32 7-126 32.5-120 175-232

Schultz & Flack (2005) BL Spheres 35-182 -- 30-34 -

Grass (1971) BL Sand 21 21 24 24

Pebbles 85 -- 6.5

Krogstad et al. (2005) TC 2D grooves 13.6-20.4 63-121 30 5--6

Bakken et al. (2005) TC 2D grooves 20-200 60-1560 30 6-10

Woven mesh 15-187 30-617 33 9-15

Allen et al. (2007) TP honed surface 0.06-14.8 0.17-44.4 51500 17000
BL: Boundary Layer: TC: TRirbulent Channel; TP: Turbulent Pipe

Studies that support wall-similarity

Grass (1971) performed roughness studies in an open water channel at Re = DUb/v = 7000,
where D is the channel depth and Ub bulk (average) velocity. The surfaces considered included
marine plywood (hydraulically smooth), sandgrain (transitionally rough; k+ = 21, D/k = 24)

and pebbles (fully rough; k+ = 85, Dlk = 6.5). Grass (1971) found that the streamwise and
wall-normal turbulence intensities, a and o,, are independent of roughness conditions when scaled

by u, for y/D > 0.2. However, immediately adjacent to the bed, a, decreased and a increased
with increasing roughness height. Grass (1971) also observed extremely violent entrainment over
the rough surfaces with ejected fluid rising almost vertically from between the interstices of the
roughness elements. Raupach (1981) studied the effect of cylindrical roughness elements on the
Reynolds stress in turbulent boundary layers at Reo - UeO/lv = 10,000 - 15,000, where 0 is
the momentum thickness of the boundary layer. The cylinders were arranged in either square or
diamond arrays with k + = 337 - 427 and 6/k = 19 - 125. It was observed that the second and

third moments of the velocity fluctuations were universal for y > 0.156. Additionally, quadrant
analysis revealed that the fractional difference between stress contributions by sweeps and ejections,
A0 = S4 ,0 - S2,0, is independent of surface roughness for y > 0.26. Raupach (1981) determined the
friction velocity using the constant stress method.

Ligrani & Moffat (1986) studied structural characteristics of both transitionally and fully rough
turbulent boundary layers over uniform spherical roughness elements over the range 6300 < Re0 <
19000 (k+ = 22 - 63). It was observed that u, is the universal normalizing parameter in the outer
layer for ou2 and q2 , the turbulent kinetic energy, in the fully rough regime. However, the free-stream
velocity was found to be more appropriate for collapse of or2 and o2 when k+ > 34. The local skin
friction coefficients were determined from the Reynolds shear stress profiles and mean velocities
in the near-wall region. Bandyopadhyay & Watson (1988) investigated turbulent boundary layers
over both k- and d-type two-dimensional transversely grooved rough surfaces at Re0 = 2100- 2900.
It was observed that the ratio between the Reynolds shear stress and the turbulent kinetic energy
is nearly constant between 0.1 < y/6 < 0.8 for all surfaces. The modified Clauser chart method
was used to obtain u, for flow over the rough walls.
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Schultz & Flack (2003) performed measurements in a water tunnel for flow over sanded surfaces
for Reo = 3000 - 16000. They found that the mean velocity profiles collapsed well in defect form
for all surface conditions. In addition, the Reynolds normal and shear stress profiles normalized by
u, showed good agreement within their experimental uncertainties in the overlap and outer layers.
The skin-friction coefficients for the rough-wall experiments were determined from the modified
Clauser chart method and verified by the total stress method. Flack et al. (2005) pursued a
follow-up investigation in which they studied turbulent boundary layers over sandgrain and woven
mesh at Reo = 14120. They chose the roughness characteristics of both surfaces to simultaneously
satisfy k+ > 100 (fully rough) and 6/k, > 40 (presumably satisfying wall similarity). Reynolds
stress and quadrant analysis results over the rough walls collapsed on the smooth-wall results
for y > 3k,. Furthermore, differences of velocity triple products and higher moment turbulence
statistics between rough and smooth walls were only observed for y < 5k,. In this context, this
effort showed that k, may be a more appropriate measure of the relative roughness height in the
context of wall similarity.

Finally, Krogstad et al. (2005) investigated fully-developed turbulent channel flow wherein the
top and bottom walls were roughened by transverse square rods at Re, = u,b/v = 600. Wall
similarity was observed in the Reynolds stresses, stress ratios and the anisotropy tensor outside
the roughness sublayer (y > 5k) and the authors argued that wall similarity is highly dependent
on the flow of interest. Finally, Bakken et al. (2005) studied turbulent channel flows over both
two-dimensional (2D) rods and three-dimensional (3D) mesh for Re, = 360 - 6000. Reynolds
stresses and third-order moments were found to be unaffected by the surface conditions for y > 5k.
Satisfactory collapse with ReT was also demonstrated outside the roughness sublayer when uT was
used for normalization.

Studies that do not observe wall similarity

Krogstad et al. (1992) studied the outer-layer effects of wire-mesh roughness in a turbulent
boundary layer at Ree = 12800 with k+ = 143 and 6/k = 48. The wake strength of the rough-wall
outer layer was found to be larger than for flow over a smooth wall. In addition, a significant increase
in the wall-normal turbulence intensity together with a moderate increase in the Reynolds shear
stress was observed over the roughness compared with flow over a smooth wall. In contrast, the
longitudinal turbulence intensities for both surfaces were essentially the same. However, quadrant
analysis revealed that Reynolds shear stress contributions from Q2 and Q4 events were enhanced
by the roughness. It should be noted that Krogstad et al. (1992) proposed a new method for
evaluating u, from the mean velocity that involves curve-fitting the wake portion of the profile. In
a follow-up study, Krogstad & Antonia (1999) investigated the effects of two types of roughness,
woven mesh and lateral rods, on a turbulent boundary layer for Reo = 4800 - 13000. The two
rough surfaces were designed to yield the same roughness function, AU+. It was observed that the
roughness effects on the Reynolds stresses were not confined to the wall region. In addition, the
turbulent energy production and diffusion were found to be significantly different between the two
roughness conditions.

Shafi & Antonia (1997) studied the spanwise and wall-normal vorticity fluctuations and their
constituent velocity derivative fluctuations in a turbulent boundary layer over a wire mesh surface
at Reo = 8000 with k+ = 54 and 6/k = 60. It was observed that over most of the outer layer, the
normalized magnitudes of the velocity derivative variances differed significantly from those over a
smooth wall. Furthermore, the vorticity variances were found to be slightly larger than those over a
smooth wall. Shafi & Antonia (1997) used the velocity profile matching method of Krogstad et al.
(1992) to determine u,.
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Table 2: Studies that do not observe wall similarity.
Studies Flow Roughness Type k+  k+  6/k 6/ks

Keirsbulck et al. (2002) BL 2D grooves 150 530 26.3 7.5
Krogstad & Antonia (1999) BL Woven mesh 143 458 48 15

2D grooves 143 458 47 8
Krogstad et al. (1992) BL Woven mesh 143 458 48 15

Shafi & Antonia (1997) BL Woven mesh 54 - 58.4 -
Tachie et al. (2003) BL Sand 33 33 31 31

Mesh 17 - 63 -

Tachie et al. (2000) BL Sand 25-35 25-35 21--29 21-29
Mesh 17-25 - 67-75 -

Bhaganagar et al. (2004) TC Egg carton 5.4-21.6 10-48 18.5-74 8-40
BL: Boundary Laver; TC: Turbulent Chanel; TP: Turbulent

Tachie et al. (2000) investigated the effect of roughness on the structure of turbulent boundary
layers in open channels for Re0 = 1400 - 4000. The roughness studied included a perforated
surface, sandgrain and woven mesh with k+ = 17 - 35. They found that the wake parameter
varied significantly with the type of surface roughness. Additionally, the roughness increased the
turbulence levels in the outer region of the boundary layer. More recently, Tachie et al. (2003)
made measurements in a open channel over both sandgrain and woven mesh for Re0 = 1900 - 2600
and k+ = 17 - 33. The surface roughness was observed to increase the wake parameter and to
enhance the turbulence intensities, Reynolds shear stress and triple correlations over most of the
boundary layer. However, the stress anisotropy was found to be decreased by roughness. It should
be noted that both studies utilized the velocity profile matching method of Krogstad et al. (1992)
to determine u,.

Keirsbulck et al. (2002) studied the structure of a turbulent boundary layer over fully rough
k-type two-dimensional square bars at Re0 = 8500. Similar to the studies of Tachie et al. (2000),
it was observed that the magnitude of the wake strength is increased by the roughness. In the
near-wall region, the contribution to the Reynolds shear stress fraction and the diffusion factors
were found to depend on the wall roughness conditions. In addition, the wall-normal velocity
component appeared to be more sensitive to the roughness effects. As with the previous studies,
u, was determined using the velocity profile matching method described in Krogstad et al. (1992).

Finally, Bhaganagar et al. (2004) performed a direct numerical simulation (DNS) of turbulent
channel flow between a smooth wall and a wall covered with regular three-dimensional "egg carton"
roughness elements at Re, = 400 at k+ =5.4, 10.8 and 21.6. It was observed that when normalized
by the local uT, the u and w fluctuations were smaller while the v fluctuation was higher in the
inner layer for the rough-wall side. However, all three velocity fluctuations were a smaller fraction
of uT on the rough-wall side in the outer layer. On the other hand, the vorticity fluctuations were
not significantly altered by roughness in the outer layer.

Based on the evidence discussed above and summarized in Tables 1 and 2, for efforts questioning
wall similarity based on studies of zero-pressure-gradient boundary layers each had low 6/k, values
(<15). As noted by Flack et al. (2005), these extremely low 6/k 8 values can be interpreted as
relatively weak scale separation between the outer layer of the flow and the roughness which is
directly counter to the essence of the wall similarity hypothesis. In channel flows, where the flow is
constrained by opposing boundaries, the above-cited studies indicate that wall similarity will only
exist if both surfaces are rough.



1.2.3 Impact of roughness on turbulence structure

While the previous section indicates the possibility of similarity in the outer-layer statistics of
rough-wall turbulence to its smooth-wall counterpart, this similarity does not imply that a struc-
tural similarity between these flows also exists. This section is dedicated to reviewing previous
studies regarding the impact of roughness on the structural foundation of wall turbulence. How-
ever, as a basis for this discussion, the body of knowledge regarding the underlying structure of
smooth-wall turbulence is summarized first.

Structure of smooth-wall turbulence

The results of many recent experimental and computational studies suggest that smooth-wall
turbulence is populated by hairpin vortices that tend to streamwise-align into larger-scale coherent
groups termed vortex packets both in the near-wall region as well as the outer layer. The phrase
"hairpin vortex" is used herein to describe both symmetric and asymmetric hairpin-, lambda- and
arch-like structures that are composed of either one or two streamwise-oriented legs connected to
a spanwise-oriented head whose rotation is of the same sense as the mean shear. These structures
are qualitatively consistent with the horseshoe vortex first proposed by Theodorsen (1952).

At low Re, Smith (1984) reported the existence of hairpin vortices and suggested an organized
alignment of these structures in the streamwise direction. Smith et al. (1991) later showed that
hairpin vortices can regenerate from an existing vortex. Similar organization and regeneration was
noted by Zhou et al. (1999) who studied the evolution of an initial hairpin-like structure in the mean
turbulent field of a low-Re channel via direct numerical simulation (DNS). Given sufficient strength
of the initial structure, multiple hairpin vortices were spawned both upstream and downstream of
the initial structure, creating a coherent train of vortices. The legs of vortices residing in the log
layer were commonly observed to extend below y+ = y/y. = 60 (y. is the viscous length scale),
consistent with the near-wall quasi-streamwise vortex observations of Brooke & Hanratty (1992)
and Schoppa & Hussain (2000), among others. Zhou et al. (1999) also observed a preference for
asymmetric hairpins, with one leg often stronger than the other. The stereoscopic visualizations of
Delo et al. (2004) complement these efforts by providing three-dimensional views of this organization
at low Re. Their results highlight the contorted nature of the vortices that agglomerate to form
larger-scale structures and further support the coupling between ejections of low-speed fluid away
from the wall and the passage of large-scale motions.

Head & Bandyopadhyay (1981) observed ramp-like patterns at the outermost edge of a turbu-
lent boundary layer at higher Re and proposed these patterns to be the imprint of groups of hairpin
vortices inclined away from the wall. More recent particle-image velocimetry (PIV) measurements
at moderate Re in a turbulent boundary layer by Adrian et al. (2000) provide evidence that hair-
pin structures occur throughout the outer layer and streamwise-align to create larger-scale vortex
packets. The PIV data permitted visualization of this organization in the streamwise-wall-normal
plane within the interior of the boundary layer, showing that packets occur throughout the outer
region in a hierarchy of scales. This scale hierarchy is consistent with the mechanisms proposed
by Perry & Chong (1982), and Tomkins & Adrian (2003) provide direct evidence of spanwise scale
growth via merging on an eddy-by-eddy basis up to y+ = 100 and propose scenarios by which this
scale growth might manifest itself for y+ > 100. In addition, the efforts of Liu et al. (2001) and
Ganapathisubramani et al. (2003) underscore the important role these large-scale motions play in
log-layer transport processes.

When sliced in the streamwise-wall-normal plane, the heads of hairpin vortices appear as span-
wise vortex cores with w, < 0, where w, is the fluctuating spanwise vorticity (Spanwise vortices
for which w, < 0 are hereafter termed 'prograde' since their rotation is in the same sense as the

8



mean shear). The streamwise-aligned heads of hairpins within a packet form an interface slightly
inclined away from the wall, beneath which there exists a large-scale region of streamwise momen-
tum deficit collectively induced by the vortices. Of particular importance, this collective induction
generates large-scale ejections of low-speed fluid away from the wall which contribute significantly
to the Reynolds shear stress. Recent work by Wu & Christensen (2006a) found that the largest
populations of prograde spanwise vortices, most of which bear spatial signatures consistent with
hairpin heads, occur in the region y < 0.36. However, significant numbers of retrograde spanwise
vortices, positive w. cores, were also observed, with their largest populations noted at the outer
edge of the log layer. Observations of retrograde spanwise vortices have been reported by Falco
(1977), Falco (1983) and Falco (1991), among others, and their occurrence spatially-coincident to
prograde spanwise vortices in the outer layer of wall turbulence is often interpreted as the imprint
of ring-like structures. More recently, Klewicki & Hirschi (2004) reported observations of hairpin
vortices and retrograde structures clustered in the neighborhood of intense near-wall shear layers,
with the influence of retrograde structures increasing with Reynolds number. Finally, Natrajan
et al. (2007) performed a detailed investigation of the spatial signatures of outer-layer retrograde
spanwise vortices, particularly their propensity to occur spatially-coincident with prograde cores,
and reported that such patterns are also consistent with slicing through omega-shaped hairpin
structures. It should be noted that the existence of ring-like vortices is not inconsistent with the
hairpin-vortex model as the origin of ring-like structures in wall turbulence has been related to the
pinch-off and reconnection of the legs of existing hairpin structures (Moin et al., 1986; Smith et al.,
1991; Bake et al., 2002, for example).

When sliced in the streamwise-spanwise plane within the log layer, hairpin packets appear as
elongated regions of streamwise momentum deficit (low momentum regions) bounded on either side
by wall-normal vortex cores roughly aligned in the streamwise direction. Tomkins & Adrian (2003)
and Ganapathisubramani et al. (2003) interpreted these wall-normal vortex cores as slices through
the inclined legs/arches of the hairpin structures and reported that many of these cores occur in
isolation. This observation is counter to the expectation of spanwise-separated vortex pairs when
slicing through symmetric hairpin structures, supporting previous observations of a preference to-
ward asymmetric structures (Zhou et al., 1999). Most recently, Hutchins & Marusic (2007) found
that these log-layer low-momentum regions often identified in J-scale PIV realizations actually ex-
tend significantly longer (10 - 20J) in the streamwise direction and often meander significantly in
the spanwise direction of the flow. Previous studies have shown scales of this streamwise extent to
be quite energetic (can contain half of the turbulent kinetic energy) and accountable for a majority
of the Reynolds shear stress within the logarithmic region (Kim & Adrian, 1999; Guala et al., 2006).

Roughness effects in the near-wall region

The effects of roughness on the structure of the near-wall region (i.e., the roughness sublayer)
has been studied extensively both experimentally and computationally. Perry et al. (1969) used flow
visualization to discover that the eddy structures are qualitatively different for flow over "k-type"
versus "d-type" grooves. For "d-type" roughness, since the groove elements were approximately
square, a stable eddy was maintained inside the grooves and shedding from the elements was
found to be negligible. However, for "k-type" roughness the eddies were observed to re-attach
before encountering the next element, resulting in the shedding of eddies above the roughness. The
structures generated in this manner had length scales proportional to the roughness height "k"
and were found to blend into the outer flow farther away from the roughness. Subsequent flow
visualization studies of individual grooves by Liou et al. (1990) and Djenidi et al. (1994) provide
additional evidence supporting these observations.
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The rough-wall study of Grass (1971) in a free-surface channel flow using hydrogen bubbles
clearly identified the differences of near-wall ejection and inrush (sweep) events between smooth
and rough walls (sand and rounded pebbles). While both ejection and inrush events were commonly
observed under both smooth and rough conditions, the former were found to be extremely violent
over rough walls. Furthermore, the long streamwise vortices which were readily apparent close to
the smooth wall were much less apparent in the case of roughness.

Bandyopadhyay & Watson (1988) presented different models of vortices for flow over two- and
three-dimensional roughness, particularly with respect to the effect of the spanwise aspect ratio
of the roughness on turbulent boundary layers. The authors argued that in the near-wall region
of flows over a smooth wall and 2D roughness, the shear stress is transported outward and this
effect can be attributed to the presence of hairpin vortices alone. In contrast, for flows over 3D
roughness, the shear stress is often transported inward toward the wall-an effect that cannot be
explained by hairpin vortices alone. As such, the authors postulate the presence of additional
necklace vortices that remain parallel to the surface and straddle over the roughness elements as
the driving mechanism behind this outward transport of shear stress.

As a follow-up to their earlier rough-wall studies, Grass et al. (1993) employed three-dimensional
hydrogen bubble visualization to measure three-dimensional velocity fields in the vicinity of k-type
spanwise stripes in open channel flow. The 3D vortex lines computed from the velocity information
revealed the vortical structures over this rough wall to be horseshoe-like, consistent with smooth-
wall boundary layers. These horseshoe vortices were found to exist between the wall and the
flow surface and they contributed significantly to the Reynolds shear stress. These observations
provides experimental support for the structural model of Bandyopadhyay & Watson (1988) for 2D
roughness.

Grass et al. (1993) performed a second experiment for flow over closely-packed spheres with
surface conditions ranging from smooth to fully rough. Flow visualizations indicated that the
rough-wall flow was able to re-order itself in relatively close wall-normal proximity to the roughness

elements. In particular, in the immediate vicinity of the roughness, the motion of the hydrogen
bubbles indicated highly disturbed flow induced by the roughness, in stark contrast to the well-
ordered near-wall streaks commonly observed for smooth-wall flow. However, slightly further above
this roughness-dominated region, the visualization traces indicated the reappearance of coherent
streaks with a spanwise spacing that scaled with the characteristic roughness height (k).

Pearson et al. (1998) studied the effect of a short strip of sandpaper on the structure of a
low-Re turbulent boundary layer. Flow visualization revealed that the streaks generated by quasi-
streamwise vortices were broken when the flow encountered the roughness strip but reappeared
following passage over the strip. In addition, the streamwise extent of the two-point streamwise
velocity correlation coefficient, p,,,, decreased significantly over the roughness strip while its span-
wise extent increased. Although the overall shape of Puv was unaffected compared to smooth-wall
flow, its streamwise extent was also decreased by the short strip of roughness.

Djenidi et al. (1999) studied the near-wall structure of a turbulent boundary layer over d-type
transverse square cavities using laser-induced fluorescence (LIF) in a streamwise-spanwise plane
positioned 6y. above the roughness crests at Reo = 1100. Low-speed streaks similar to smooth-wall
flow were observed over this rough surface. In addition, three other characteristic events were also
observed in the vicinity of the surface at a fixed spanwise position: outflows from the cavities,
inflows into the cavities, and skimming of the overlying flow over the cavities. Interestingly, the
streaks did not appear to be disturbed by the outflows, likely because the outflow was either not
strong enough or the length scale of outflow was significantly smaller than that of the streaks.
Further investigation led the authors to conclude that the outflows were actually triggered by
the pressure fluctuations generated by quasi-streamwise vortices. Additionally, the outflows were
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found to alternate with inflows along the span of the cavities, which could be explained by the
alternating low-speed and high-speed streaks formed by quasi-streamwise vortices. Finally, this
study postulated that the mechanism for sustaining turbulence over d-type roughness is closely
related to vorticity generation in a manner similar to smooth-wall flow.

Ligrani et al. (2001) used flow visualization to study the structure of channel flow with dimples
on the bottom wall at Reynolds numbers (based on channel height, H) from 600 to 11,000 for
various ratios of channel height to dimple diameter HID. They found that a primary vortex pair
was shed periodically from the center region of each dimple followed by inflow into the dimple cavity.
It was also found that with decreasing H/D, the strength of the primary vortex pair increased and
two additional secondary vortex pairs, formed near the edge of the dimples, became stronger and
larger. These primary and secondary vortex pairs were found to be closely related to enhancement
of Reynolds normal stresses.

Nakagawa & Hanratty (2003) studied the flow patterns of turbulent channel flow with a wavy
bottom wall whose equivalent sand roughness height ranged from 7 to 104. The flow was visualized
by injecting dye or a surfactant-polymer mixture at the trough and crest of the wavy wall. It
was observed that the dye injected at the top of the crest in a fully rough flow dissipated rapidly,
indicative of intense turbulent motions. In contrast, the dye injected at the crest for intermediate
roughness formed a recirculation region whose position varied in time. Finally, the dye injected

from the crest in the hydraulically smooth flow did not show any recirculation region. With respect
to polymer injection, fully-rough flow was capable of expelling polymer a large distance away from
the wall due to ejections originating in the trough regions.

The effects of roughness on the near-wall structure of turbulence has also been studied exten-
sively via computations. Orlandi et al. (2003) performed a direct numerical simulation (DNS) of
turbulent channel flow with wall velocity disturbances and observed a reduction in drag when a
non-zero streamwise velocity fluctuation, u', is applied. In contrast, channel flow with a non-zero

spanwise velocity fluctuation, w', was found to be similar to undisturbed channel flow. Of particular
interest, the authors found that applying a non-zero wall-normal velocity fluctuation, v', yielded
structural changes similar to those observed over a rough surface. For example, at y+=15, the
two-point velocity correlations indicated that the streamwise length of the streaks was reduced for
both v' and w' disturbances. In the spanwise direction, velocity correlations with v' perturbation
were found to lack well-defined minima as in the undisturbed case, indicating that the high- and
low-speed streaks were less discernable in the vicinity of the roughness. Contours of streamwise
velocity in the streamwise-spanwise plane confirmed these inferences.

Cui et al. (2003) provided a detailed description of the instantaneous turbulent structure of
channel flow with one wall roughened with k-type rib roughness using large-eddy simulation (LES)
at a Reynolds number (based on the bulk velocity and half-channel height) of 10,000 and k+ = 1891.
Frequent spanwise motions were observed in front of the base of the ribs due to the blockage effect
of the roughness. Just above the crest of the ribs, the streamwise velocity was higher and there
were few spanwise motions although weak separation zones were still observed beyond the cavities
between the ribs. At y/H = 0.25, reversed flow vanished but stronger flow fields were still found
to be concentrated above the ribs. Above the channel's center, the velocities correlated little with
the rib positions. In the streamwise-wall-normal plane, multiple separation regions of differing size
and strength were observed both in front of and behind the ribs. Inflows into the cavities and
outflows that brought low-momentum fluid into the outer region were found to be generated by
the circulation created by the above-mentioned separation regions. In the spanwise-wall-normal
planes, strong quasi-streamwise vortices were noted directly above the roughness crests.

The structure of turbulent channel flow over regular three-dimensional roughness elements
("egg-carton") on one wall was investigated by Bhaganagar et al. (2004) by DNS at Re,=400 and
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k'=48. When the separation in the spanwise direction was normalized by the channel half height,
streamwise and wall-normal velocity correlation coefficients (Puu and Pvv) computed in streamwise-
spanwise planes positioned at y+ = 30 and 80 showed little difference. This result indicated that
neither the average streak spacing nor the diameter of the streamwise vortices was affected by this
particular surface roughness in outer units. However, when the separation distance was normalized
in inner units, the rough-wall correlations at y+ = 30 revealed that the streak spacing increased
to 140y. (compared to 100y. for smooth-wall flow) and the average diameter of the streamwise
vortices increase to 45y. (compared to 30y. for smooth-wall flow). The streamwise extents of these
structures were also studied using Pu,, and Pm, in the streamwise direction. The length of the streaks
was found to be decreased by the roughness in outer units but remained relatively unchanged in
inner units. Contours of streamwise velocity at y+=5 supported these observations. Finally, the
authors surmised that the self-sustaining mechanism of near-wall turbulence for the rough-wall case
is still due to the linear coupling term between the wall-normal velocity and wall-normal vorticity
as is true in smooth-wall flow.

Ashrafian et at. (2004) also performed a DNS of rough-wall turbulent channel flow, but at
Re,=400 with both walls roughened by k-type 2D square rods (the flow was transitionally rough
with k+ = 13.6). This simulation revealed elongated low-speed streaks similar to those in smooth-
wall channel flows at y+ = 20. Three-dimensional vortical structures were extracted from the
background turbulence and were found to be more complex in the near-wall region compared to
the quasi-streamwise vortices commonly observed in smooth-wall flow. In particular, incoherent
spanwise vortices were observed to be shed from the crests of the rods, generating a highly three-
dimensional flow in the vicinity of the roughness elements. Nevertheless, low-speed streaks still
persisted in the presence of this highly-perturbed environment.

Finally, Sen et al. (2007) applied snapshot POD to a DNS of channel flow with 3D egg-carton
roughness elements at Re, = 180. Their one-dimensional analysis revealed a slower convergence of
the POD energy for rough-wall flow due to a larger range of dynamically-important length scales.
In addition, they used the first few POD modes to reconstruct the Reynolds stresses and found
that the first 10 modes were sufficient for capturing both the location and the amplitude of the
peak of the root-mean-square (RMS) streamwise velocity. Two-dimensional POD results in the
wall-normal-spanwise plane revealed a decreased spanwise length scale for the first mode but a
increased spanwise length for the second mode in the rough-wall flow when compared with the
smooth-wall flow. A similar trend was also noted for the first two POD modes in the streamwise-
wall-normal plane.

Roughness effects in the outer layer

While a good deal of effort has been put forth studying the effect of roughness in the immediate
vicinity of the surface, its impact on the outer-layer structure has also been evaluated. Bessm
& Stevens (1984) studied the inclination angle of large-scale structures in a turbulent boundary
layer over a k-type grooved surface via measurements of the cross-correlation between the wall
shear stress and streamwise velocity for 0.05 < y/J < 0.75. An inclination angle of approximately
20' was observed which is consistent with the results of Brown & Thomas (1977) and Head &
Bandyopadhyay (1981) for smooth-wall turbulence. This angle is also consistent with the inclined
interfaces of large-scale hairpin vortex packets observed in smooth-wall turbulence (Adrian et al.,
2000; Christensen & Adrian, 2001, among others).

The outer-layer structural consistency between smooth- and rough-wall flow observed by Bessm
& Stevens (1984) is in accordance with the many aforementioned studies that support the propo-
sition of outer-layer similarity in the turbulence statistics for rough-wall turbulence. In support
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of this similarity, many other studies have observed little difference in the spatial velocity cor-
relations of smooth- and rough-wall flow outside the roughness sublayer. Nakagawa & Hanratty
(2001) reported two-point streamwise velocity correlation coefficients computed from ensembles of
instantaneous velocity fields acquired by particle image velocimetry (PIV) in channel flow with a
wavy bottom wall (6/k ; 60) and found that neither their length scale nor their inclination angle
were altered in the presence of the wavy surface. Sabot et al. (1977) studied pipe flow roughened
with spanwise fences (6/k = 15) and found the streamwise integral length scales of the streamwise
and wall-normal velocities to change little from smooth-wall pipe flow. More recently, Volino et al.
(2007) concluded that the outer-layer structure for flow over a fully-rough woven mesh (6/k = 71)
is similar to that observed in smooth-wall flow by comparing velocity spectra and two-point cor-
relations in both flows. Similar structural consistencies in the outer layer were also observed in
a recent direct numerical simulation (DNS) of channel flow with disturbed walls by Flores et al.
(2007).

The strongest challenge to the possibility of similarity in the outer-layer structure of rough-wall
turbulence comes from Krogstad & Antonia (1994). This effort involved the use of X-wire probes
to measure streamwise and wall-normal velocity components in a turbulent boundary layer over
wire mesh (6/k z 50, 6/k, 8  15, k+ = 92, k+ = 331). Using this data, Krogstad & Antonia (1994)
found that the inclination angle of p,, increased considerably to 380 for flow over the mesh surface.
In addition, they reported a decrease in the streamwise extent of velocity and vorticity spatial
correlations compared to flow over a smooth wall but found little difference in the spanwise extent
of these correlations. It should be noted that Nakagawa & Hanratty (2001) postulated that such
effects may not be physical but rather artifacts associated with the use of a convection velocity to
infer spatial information from temporal hot-wire data. In addition, Flack et al. (2005) indicated
that the rough-wall flow of Krogstad & Antonia (1994) may not satisfy the criteria necessary for
the existence of outer-layer similarity (6/k - 50 > 40 but 6/k 8 zz 15 < 40).

Finally, Gunther & von Rohr (2003) performed POD of the velocity field measured by PIV
in a developed flow between a sinusoidal bottom wall and a flat top wall at Reynolds numbers
(based on bulk velocity and half-height of the channel) of 3800 and 7300. They found that the
dominant eigenfunctions have a characteristic spanwise scale of about 1.5 times the wall wavelength,
A. Smaller structures obtained from the POD analysis were observed at locations with maximum

Reynolds shear stress. In a follow-up study, Kruse et al. (2003) studied the dynamics of these
large-scale structures with a spanwise scale of 1.5A. The meandering motion of these large-scale
structures was followed over 6 seconds as they convected downstream approximately 65A. These
structures provided a mechanism of momentum and scalar transport between the wavy-wall and
the bulk flow. The streamwise extent of the large coherent structures was found to be significantly
larger than the streamwise domains of typical LES and DNS simulations.

To summarize, it appears that roughness has a significant impact on the near-wall structure of
the flow, but that this influence is quite specific to the roughness under consideration. In particular,
streaks are still observed in the vicinity of rough walls, although their streamwise and spanwise
extents can be modified considerably compared to smooth-wall flow. With respect to the outer
layer, some studies indicate substantial similarity between smooth- and rough-wall flow primarily
via studies of spatial correlations, although there is still some evidence that subtle differences may
exist. However, the exact impact of roughness on outer-layer vortex organization in the form of
hairpin vortex packets has received considerably less attention even though such structures play a
pivotal role in momentum transport in the outer layer.
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1.2.4 Studies of turbulent flow over irregular roughness

It should be noted that the vast majority of the literature summarized above dealt with highly ide-
alized roughness topographies (simulated roughness), like sandgrain, k- or d-type transverse bars,
wire mesh, etc. These surfaces are typically characterized by a single roughness scale. However,
most practical rough surfaces are both irregular in shape and random in roughness element distri-
bution like marine biofouled surfaces or the surface of gas turbine blades which can be roughened
by pitting/erosion, spallation and/or deposition of foreign materials. It is not at all clear whether
idealized roughness studies can predict the behavior of more practical roughness topographies. Dif-
ferences between real and simulated roughness have been known for several decades, most notably
the obvious differences between Nikuradse's results for sand grain roughness and Colebrook's corre-
lation for friction factor based on "industrial" or real roughness in the transitionally rough regime.
There are very few detailed studies of real roughness and they are briefly summarized here.

Acharya et al. (1986) studied the influence of four rough surfaces on a turbulent boundary
layer. The four surfaces included a stochastically rough surface representative of a newly-finished
turbomachinery blading, a variant of this surface with different roughness parameters, a sand-cast
surface and a mesh surface. Roughness functions revealed that the turbulent flows over these
surfaces fall largely in the transitionally rough regime. The velocity defect profiles at different
measurement positions in the streamwise direction over the sand-cast surface showed a larger scatter
in the outer region as compared to flow over the other rough surfaces studied. Measurements of
Reynolds stresses along the streamwise direction over each rough surface revealed good agreement
supporting outer-layer similarity, although cross comparison between different surfaces was not
provided. It was shown that the wall shear stress over roughness is a function of both Re0 and
surface roughness type. A universal skin-friction correlation was attempted using classical rough-
wall boundary theories (including a universal velocity defect law, log-law, and expression for k-
type roughness function) but the derived correlation appeared to depend strongly on the surface
conditions.

Bons et al. (2001) studied the surface characteristics of a number of in-service land-based turbine
blades and vanes. Turbine-blade roughness accumulates over time and is due to a number of different
damage mechanisms, including deposition of foreign materials, pitting/erosion, and thermal barrier
coating (TBC) spallation. It was observed that these different roughness-generating mechanisms
create very distinct roughness signatures. Bons et al. (2001) concluded that it is not likely that
a single roughness scale, like cones, spheres and cylinders, etc., will effectively represent the wide
range of roughness scales observed in real roughness. In a follow-up study, Bons (2002) used
scaled replicas of turbine-blade roughness in a turbulent boundary layer to investigate the effects
of highly-irregular roughness on heat transfer and skin friction coefficients. Two of the six rough
surfaces studied had k+ < 1, indicating that they should behave as hydraulically smooth. However,
the skin friction coefficients for these two surfaces were found to be larger than the smooth-wall
case. The other four rough surfaces had roughness heights that were several times the boundary
layer momentum thickness so that they were more like bluff bodies. This work revealed that
historical correlations for heat transfer and skin friction severely underestimated the influence of
real roughness in the transitionally rough regime.

Subramanian et al. (2004) extended the work of Bons (2002) by considering the turbulent
statistics over a short strip of turbine-blade roughness in the turbulent boundary layer. Their
approach did not follow the conventional rough-wall boundary layer theory by using u, as the
characteristic velocity scale of the flow. Instead, the authors proposed a pressure-gradient velocity
scale to capture the pressure effects induced by roughness on the inner-layer properties. Skin friction
velocity was argued not to be a meaningful velocity scale since strong roughness may diminish the
viscous effects. However, this argument may not be soundly grounded since skin friction velocity
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is actually derived from wall shear stress and wall shear stress exists with larger magnitude in
the presence of strong roughness even though the viscous contribution is negligible. Further, the
boundary layer certainly had not achieved self-similarity due to the short length of the roughness
and thus whether the pressure gradient velocity defined in this study is an appropriate velocity
scale in the equilibrium rough-wall boundary layer is still in question.

Finally, Allen et al. (2007) studied turbulent pipe flow in the presence of a honed surface akin
to the "industrial"-type roughness used by Colebrook (1939) in the formulation of the widely-used
Moody chart. However, their friction-factor results displayed strong deviation from the Colebrook
relationship and instead mimicked the friction-factor trends of Nikuradse's sand-grain experiments.
Allen et al. (2007) also presented smooth- and rough-wall mean velocity defect profiles, streamwise
turbulence intensity profiles and streamwise velocity spectra that collapsed in the outer layer in
accordance with Townsend's wall similarity hypothesis. These outer-layer similarity observations
represent the first of their kind for a more practical surface topology but for extremely large
separation between the roughness and outer length scales (6/k "- 51000; J/k, "- 17000).

1.3 Present effort

The present effort investigates the effects of highly-irregular roughness replicated from a turbine
blade damaged by deposition of foreign materials on the statistical and structural characteristics
of wall turbulence. Understanding such influences is pivotal for devising efficient and effective
modeling and control strategies for technologically relevant flows that suffer from such effects.
Two-dimensional particle image velocimetry (PIV) measurements are performed in the streamwise-
wall-normal plane of turbulent boundary layers at Re0 P 8000 and 13000. The surface conditions
include a smooth-wall baseline and two highly-irregular rough walls. These two rough surfaces
have the same roughness topography but differ in spatial scaling (one is scaled by a factor of two
in all three spatial dimensions compared to the other). The validity of Townsend's wall similarity
hypothesis in the presence of practical roughness is assessed and the impact of this roughness on
the spatial structure of the flow is investigated. In addition, stereoscopic PIV measurements are
made in streamwise-spanwise planes of smooth- and rough-wall turbulent boundary layers both
within and at the outer edge of the roughness sublayer at the Re0 noted above. This data is
used to explore the impact of dominant topographical features on the near-wall flow as well as
the influence of practical roughness on the spatial organization of the flow within the roughness
sublayer and in the log layer. Understanding such effects provides a stepping stone toward efficient
modeling and control of practical wall-bounded flows in the presence of highly-irregular roughness,
particularly in assessing the usefulness of models and control strategies devised from studies of
canonical, smooth-wall turbulence.

Preliminary experiments involving a short streamwise fetch of turbine-blade roughness in chan-
nel flow are summarized in section 2t.The remaining sections are then devoted to the wind-tunnel
experiments described briefly above that form the vast majority of this effort. The flow facility,
characteristics of the rough-wall topography and details of the PIV measurements undertaken are
described in section 3. Section 4 assesses the possibility of outer-layer similarity in the turbulence
statistics for flow over highly-irregular roughnessl while section 5 describes the impact of dominant
topographical features of the roughness on the near-wall flow§. Finally, section 6 provides an in-
depth comparison between the structural characteristics of flow over the highly-irregular roughness
under consideration and smooth-wall turbulence both below and within the log layerl.

lAppeared in AIAA .1. 44 (12). 3098-3106.

'Appeared in Phys. Fluids 19 (8), 085108.
tPortions appeared in AIAA Paper 2007-3995. To be submitted for journal publication soon.

lPortions appeared in AIAA Paper 2008-0648. To be submitted for journal publication soon.
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2 Preliminary experiments involving a short fetch of roughness

This section describes preliminary particle image velocimetry (PIV) measurements made in turbu-
lent channel flow with a smooth surface and with a short streamwise fetch (-, 10h, where h is the
channel half-height) of roughness replicated from a turbine blade damaged by spallation. These
initial experiments were performed in order to fine-tune the quality of the optical data acquired by
PIV in the presence of highly-irregular surface conditions and to observe the flow transition from
smooth- to rough-wall flow. Both of these factors required consideration before beginning the main
wind-tunnel measurements.

2.1 Introduction

It is well known that an abrupt transition from smooth-to-rough surface conditions in a wall-
bounded flow promotes the formation of an internal roughness layer that grows in thickness down-
stream (Smits & Wood, 1985). In such situations, the turbulence intensities and Reynolds shear
stress are unaffected except within the internal layer where they can be altered significantly by the
surface roughness (Antonia & Luxton, 1971; Andreopoulos & Wood, 1982, among others). Such
abrupt transitions occur frequently in actual engineering systems where the surface conditions can
vary significantly in the dominant flow direction. Many studies have been performed in the pres-
ence of rather idealized roughness conditions, like sandgrain, ordered arrays of elements and woven
mesh. However, roughness encountered in most practical engineering applications is quite distinct
from these idealized roughness models. The surface conditions in such flows can degrade over time,
from hydraulically smooth prior to deployment to significantly roughened over time due to harsh
operating conditions, like damage imparted to turbine blades (Bons et al., 2001; Bons, 2002) or
cumulative algae/barnacle buildup on the surfaces of submarines and ships (Karlsson, 1980), for
example. In the case of damaged turbine blades, surface roughness is attributable to deposition
of foreign materials, pitting, and spallation, rendering the surface conditions highly non-uniform.
As such, a single roughness type and scale cannot be expected to be a sufficient representation
of real roughness. In particular, Bons (2002) used scaled replicas of turbine-blade roughness in
turbulent boundary layer studies and found that classical rough-wall scalings for skin friction de-
rived from simulated roughness do not hold for some real roughness conditions. Therefore, it is not
clear whether studying the influence of idealized roughness conditions on wall-bounded turbulence
will be sufficient for successfully modeling and controlling flows of practical engineering interest in
which the surface conditions are less than ideal.

Quadrant analysis, first introduced over thirty years ago (Wallace et al., 1972; Lu & Willmarth,
1973), allows one to investigate the strongest Reynolds-stress-producing events in turbulent flows.
This method decomposes the mean Reynolds shear stress, (uv)(y), outside of a hyperbolic hole
region of size H into four distinct Reynolds-stress-producing events based on the quadrant in the
u - v plane, Q, in which they reside. These events include outward interactions (Qi: u > 0,
v > 0), ejections (Q2: u < 0, v > 0), inward interactions (Q3: u < 0, v < 0) and sweeps
(Q; u > 0, v < 0). This decomposition methodology has been used extensively to study the
Reynolds-stress-producing events in turbulent boundary layers as well as turbulent channel and
pipe flows. In the wall region of a smooth-wall turbulent channel flow, Wallace et al. (1972)
found that ejections and sweeps represented the dominant Reynolds-stress-producing events, with
each contributing nearly 70% to the total Reynolds stress at y+ - 15 while inward and outward
interactions each yielded 20% contributions. Their results also indicated that below y+ - 15 the
sweeps and outward interactions were more dominant while outside this region ejections and inward
interactions became more important contributors. By comparing the joint probability density
distributions of the streamwise (u) and wall-normal (v) fluctuating velocities with the Reynolds-
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stress-contribution distributions, Wallace & Brodkey (1977) concluded that most of the Reynolds
stress is generated by the large, energetic motions. Teitel & Antonia (1990) applied quadrant
analysis to investigate the interaction region of a turbulent channel flow and their results indicated
that ejections originating on one side of the centerline can often reach the opposing wall. Finally,
Sabot & Comte-Bellot (1976) studied the intermittent coherent structures in the core region of a
smooth-wall turbulent pipe flow and determined that ejections dominated the wall region.

Quadrant analysis has also been used to assess differences between the Reynolds-stress-producing
events in smooth- and rough-wall flows. Grass (1971) investigated intermittent ejections and sweeps
in rough-wall boundary layers using hydrogen bubble visualization and found that the entrainment
of low momentum fluid trapped between the roughness elements was much more violent than the
entrainment of smooth-wall viscous sublayer fluid. Raupach (1981) observed that sweeps accounted
for most of the turbulent stress near rough surfaces and that the relative magnitude of the sweep
component increased both with surface roughness and with proximity to the surface. Similarly,
Krogstad et al. (1992) observed that contributions from sweeps were significantly greater over
rough surfaces (wire mesh) than over smooth surfaces, particularly in the near-wall region. They
also found that strong ejections and sweeps occurred almost twice as frequently in the presence of
surface roughness. More recently, Demare et al. (1999) observed that ejections accounted for 80%
of the total Reynolds stress for flow over a smooth wall but only 60-65% in the presence of a rough
wall composed of two-dimensional square bars. Further, recent direct numerical simulations (DNS)
and experiments by Krogstad et al. (2005) in a channel flow roughened on both walls with square
bars showed little influence of roughness on the Reynolds stress outside the roughness sublayer
(y > 5k), particularly in the ratio of ejection to sweep contributions for intermediate roughness
heights. This behavior is consistent with the experiments of Flack et al. (2005) for flow over sand-
paper and wire mesh where the ratio of ejections to sweeps was found to be insensitive to surface
roughness in the outer layer. In contrast, the experiments of Nakagawa & Hanratty (2001) over
wavy walls in channel flow indicate that this ratio is strongly influenced by surface roughness well
outside the roughness sublayer for roughness heights beyond the intermediate regime. However, it
should be noted that all of these studies involved long streamwise fetches of roughness (exceeding
fifty outer length scales in all cited cases) for which the internal roughness layer grew sufficiently
to occupy the entire wall-normal domain of the flow (streamwise fetches smaller than that required
to achieve such behavior are necessarily classified as "short").

The present effort assesses the Reynolds-stress enhancement associated with a short streamwise
fetch of highly-irregular surface roughness replicated from a damaged turbine blade using quadrant
analysis. Both the impact of highly-irregular surface conditions on wall turbulence as well as the
character of rough-wall flow over short fetches of roughness have received little attention in the
literature despite their vital importance in many practical engineering flows. These issues are
therefore the focus of this work.

2.2 Experiment

The channel-flow facility used in the present effort has a development length of 216h (where h
25.4 mm is the half-height of the channel) and an aspect ratio of 10.125:1, yielding two-dimensional
flow along the channel's spanwise centerline. The working fluid of the channel is air and the flow
is suitably conditioned upstream of the channel entrance by a series of screens, honeycomb and a
contraction. The flow is then tripped with 36-grit sandpaper, ensuring fully-developed conditions
at the test section [The flow quality of this channel has been well documented in past turbulence
studies (Christensen, 2001; Christensen & Adrian, 2001)]. Static pressure taps are mounted along
the length of the channel's development section to evaluate the wall shear stress, T,. Density and
viscosity are assessed from measurements of the atmospheric pressure and fluid temperature and
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Figure 1: Contour plot of the surface topology of the replicated turbine-blade roughness. The
abscissa indicates the position relative to the leading edge of the roughness panel and the dashed
lines demarcate the streamwise-wall-normal planes where PIV measurements are made.

are then used to determine the smooth-wall friction velocity, uT = (Tw/p) 1/ 2, and the viscous length
scale, y. =_ vlur.

The roughness studied herein is quite distinct from other roughness conditions presented in the
literature, some of which are cited in the introduction. The present effort focuses on roughness
replicated from a surface scan of a damaged turbine blade [denoted surface 3 in Bons (2002)]. The
surface imperfections often encountered on these blades are attributable to deposition of foreign
material, pitting, and spallation, all of which render the surface conditions highly non-uniform.
Therefore, a single roughness type and scale, such as those extensively cited in the literature,
cannot be expected to be a sufficient representation of this form of "real" roughness. This particular
scan was chosen from the six scans discussed in Bons (2002) because it embodies both large- and
small-scale topological features. Figure 1 presents a contour plot of the surface topology at the
downstream end of the roughness insert, illustrating the highly non-uniform surface conditions. A
file containing the topological data is input into a three-dimensional printer with 80pim resolution
which constructs a physical replica of the roughness layer by layer. A smooth leading edge of length
0.75h transitions the flow from the smooth- to rough-wall conditions and the surface topology is
periodically-extended in both the streamwise and spanwise directions to fill the entire insert area,
consistent with the replications of Bons (2002). The average peak-to-valley roughness height, often
used as an estimate of k (Bons, 2002), is 1.35 mm, yielding h/k = 18.8.

A new test section was designed and constructed allowing a roughness insert to be placed
flush along the bottom wall of the channel. The surface roughness is first mounted on an cast
aluminum plate which then rests upon three screws within the test section that allow one to
adjust the mean elevation of the roughness to be coincident with the upstream smooth wall. The
insert is 10h long in the streamwise direction but spans the entire width of the channel. As such,
these measurements represent the influence of a short fetch of highly-irregular roughness on the
character of fully-developed turbulent channel flow. Further, while the roughness insert impedes
optical access from below, such access is still achieved with glass windows embedded in the top and
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Figure 2: Schematic of experimental setup.

side walls of the channel (above and on both sides of the roughness insert, respectively). Smooth-
wall measurements are achieved with an anodized cast aluminum plate inserted in place of the
roughness panel. Figure 2 presents a schematic of the experimental arrangement.

Particle-image velocimetry (PIV) is used to measure two-dimensional velocity (ii, iY) fields over
an h x h field of view in the streamwise-wall-normal plane along the channel's spanwise center
for smooth-wall conditions (SM) and two spanwise separated rough-wall positions (R1 and R2),
the latter of which are illustrated in figure 1. These two spanwise positions were chosen to assess
how distinct local surface features exert their influence upon the flow. Position R1 occurs over
relatively small-scale roughness while position R2 is just downstream of a step in surface height
from a large-scale, deep depression to a plateau. The air flow in the channel is seeded with 1 Pm
olive-oil droplets, a dual-cavity Nd:Yag laser is used for illumination and the scattered light from
the particles is imaged with an 8-bit 1 k x 1 k cross-correlation CCD camera. The pairs of PIV
images are interrogated using two-frame cross-correlation methods with first-interrogation windows
of size 18 x 18 pixels (streamwise x wall-normal) at 50% overlap to satisfy Nyquist's criterion. These
parameters yield vector grid spacings of A = 18 .9 y.M, 19 .8 ys M and 2 1 .0 y S M in both the streamwise
and wall-normal directions for cases SM, R1 and R2, respectively. A larger second window of
24 x 22 pixels is chosen to minimize bias errors associated with loss of particle pairs and the second
window is offset in the mean flow direction by the bulk displacement of the flow in order to further
increase the fidelity of the correlation. The resulting vector fields are then validated using standard
deviation and magnitude difference comparisons to remove any erroneous velocity vectors. On
average, 97-99% of the velocity vectors in any given velocity realization are found to be valid,
minimizing the need for interpolation of holes. Finally, each velocity field is low-pass filtered with
a narrow Gaussian filter to remove noise associated with frequencies larger than the sampling
frequency of the interrogation.

The measurements are performed at the same friction Reynolds number (Re, = u,hlv) based
on the upstream smooth-wall flow conditions of approximately 1830. The roughness Reynolds
number based on the viscous length scale of the upstream smooth-wall conditions, k+ = k/y,M,
is 97 which is close to the fully-rough regime. This value of k+ is in fact a lower bound on the
actual value of k+ because y. over the roughness is expected to be smaller than ySM since the wall
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Experiment Re, ull (m/s) y,' (pm) A+  k+ = k/y.M h/k

SM 1832 1.12 13.9 18.9 .
Ri 1828 1.12 13.9 19.8 97 18.8
R2 1815 1.12 14.0 21.0 96 18.8

Table 3: Summary of flow parameters for all experiments.

shear stress, and hence ur, would be enhanced by the roughness. However, an accurate measure of
the wall shear stress over the roughness was not available and so the smooth-wall values are used
as a baseline. Several thousand PIV realizations are acquired at each condition, ensuring proper
convergence of single- and multi-point statistics. Table 3 summarizes the experimental parameters.

Prasad et al. (1992) showed that the random error associated with determining particle displace-
ments in PIV is approximately 5% of the particle-image diameter. In the present study, the mean
particle-image diameter is approximately 2 pixels, yielding a random error of 0.1 pixels. Therefore,
since the time delay between the PIV images for a given experiment (13 As for cases SM and R1
and 14 ps for case R2) is chosen to yield a bulk displacement of 10-12 pixels, this random error is
less than 1% of the full-scale velocity. Furthermore, these random errors do not affect statistics of
the velocity since they average to zero for a suitably large ensembles like those considered herein.
One must also consider two sources of bias error that can appear in PIV measurements. Bias due
to loss of image pairs is minimized in the present study since a larger second interrogation window
and a bulk window offset are utilized during interrogation of the PIV images. Bias errors due to the
peak-locking effect are also minimized in the present experiment since the particle-image diameters
exceed 2 pixels (Westerweel, 1997; Christensen et al., 2004). We therefore estimate the bias errors in
our PIV measurements at 1% of the full-scale velocity (The reader is directed to Westerweel (1997),
Christensen & Adrian (2002) and Christensen et al. (2004) for a more comprehensive discussion of
PIV measurement errors).

2.3 Results and Discussion

2.3.1 Reynolds stress profiles

Figure 3 presents profiles of the Reynolds stress over smooth and rough walls as a function of wall-
normal position. These profiles are computed from velocity ensembles exceeding 3500 statistically-
independent realizations per condition. The lines in figure 3 represent ensemble- and streamwise-
averaged profiles for the three cases while the symbols represent the ensemble-averaged profiles for
case R2 at the upstream (x = 7h) and downstream (x = 8h) ends of the PIV field of view (to be
discussed below). The wall-normal origin for the rough-wall cases is taken to be the mean elevation
of the roughness, which is consistent with the streamwise-spanwise plane at which the wall shear
stress appears to act, and the upstream smooth-wall friction velocity, usM, is used to normalize the
Reynolds shear stress since an accurate measure of the local shear stress over the roughness was not
available. As such, any collapse of the roughness profiles with the smooth-wall data does not imply
outer-layer similarity but simply the existence of smooth-wall outer-layer conditions. The mean
Reynolds stress profile from a direct numerical simulation (DNS) of smooth-wall turbulent channel
flow at Re, = 550 is included in figure 3 and comparison with the smooth-wall PIV measurements
indicates that the measurements slightly under-predict the mean Reynolds stress close to the wall.
This under-prediction has been observed previously in PIV studies of smooth-wall channel flow
(Christensen, 2001; Liu et al., 1994) and is due to the spatial averaging associated with the coarser
grid spacings of the PIV measurement (- 19y. for the present cases) relative to the much finer grid
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Figure 3: Mean Reynolds stress as a function of wall-normal position.

spacings achievable in DNS (A few y. close to the wall).
When the smooth-wall profile is compared to the RI and R2 profiles it is clear that an internal

roughness layer has formed given the significant enhancement of the mean Reynolds stress in the
presence of the replicated turbine-blade roughness. However, the internal roughness layer only
protrudes to y = 0.35h, not even halfway to the centerline of the channel, even after nearly eight
outer length scales of development downstream. It should be noted that the roughness results well-
exceed the linear total stress profile expected in fully-developed, smooth-wall turbulent channel flow
because they axe normalized with the smooth-wall friction velocity (since independent measures
of ur for the rough-wall cases were not available). Therefore, the fact that the rough-wall profiles
exceed the smooth-wall Reynolds-stress and linear total-stress profiles implies that the surface
roughness has dramatically increased the local wall shear stress, yielding a commensurate increase
in the rough-wall u, compared to usM

The R2 profiles highlight the strong influence that the local roughness topology can have on the
flow. Recalling that the R2 measurements occur just downstream of a distinct step from a deep
pocket to a plateau (near x = 6.75h in figure 1), the Reynolds stress at x = 7h for case R2 (E0
symbols) is significantly enhanced compared to the smooth-wall results, case Rl (relatively fine-
scale roughness) and even the R2 profile further downstream at x = 8h (0 symbols). Examination
of the ensemble-averaged Reynolds stress for the R2 case (figure 4) indicates that this abrupt step
in surface roughness generates a thin, elongated region of intense Reynolds stress near x = 7h,
with heightened levels of (uv) extending at least 1.25h downstream of the step. This region of
enhanced Reynolds stress is most-likely associated with the wake generated by the abrupt, large-
scale step in surface roughness noted earlier. This behavior is consistent with what has been
observed in studies of arrays of discrete roughness elements where each element generates a wake
that contributes significantly to the local flow behavior (Tomkins, 2001). As such, dramatic local
changes in the surface topology generate flow modifications that can persist for some appreciable
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Figure 4: Ensemble-averaged Reynolds stress for case R2.

distance downstream. In contrast, these flow modifications do not appear to alter the wall-normal
growth of the internal layer since all the roughness profiles collapse onto the smooth-wall result
near y = 0.35h.

Figure 5 presents probability density functions (pdf's) of uv at y = 0.1h, 0.2h, 0.5h and h nor-
malized by the absolute value of the maximum Reynolds stress from the smooth-wall case: I(uv)Ism.
This value is chosen as a universal normalization so that the relative enhancement of the Reynolds-

stress-producing events by the surface roughness can be directly observed. As expected, the pdf's
are notably skewed toward negative values for y = 0.1h, 0.2h, 0.5h in both the smooth- and

rough-wall cases, consistent with the mean Reynolds stress profiles shown in figure 3. In contrast,
symmetry in the uv pdf's is noted at the centerline of the channel where the total mean Reynolds

stress is zero. In addition, it is observed that a vast majority of the Reynolds-stress-producing
events are quite small in magnitude, whereas only a small number of uv events yield extremely

large instantaneous Reynolds shear stress in both the smooth- and rough-wall cases.
Figure 5(a) indicates that the surface roughness generates a larger number of significant negative

uv events at y = 0.1h (within the log layer) compared to the smooth-wall case. This behavior is
most notable for case R2 where the largest enhancement of the mean Reynolds stress was observed.
In contrast, the number of significant positive uv events increases only slightly in the presence
of surface roughness. Further, the roughness has little effect on both the negative and positive
uv events with relatively small magnitude (uv < 41(uv)ISM). At y = 0.2h [figure 5(b)], the
enhancement of uv by the surface roughness is weaker than at y = 0.1h but still notable in the
negative tails of the pdf's. Outside the internal layer at y = 0.5h [figure 5(c)], the pdf's collapse
irrespective of surface condition which is consistent with the collapse of the mean total Reynolds
stress profiles in this wall-normal region (figure 3). The pdf's become symmetric at the centerline
[figure 5(d)], although uv events several times larger than I(uv)ISM can still exist. This latter
observation is quite consistent with the results of Sabot & Comte-Bellot (1976) for turbulent pipe
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flow. Taken together, these results suggest that the surface roughness studied herein only alters
the tails of the uv pdf's through the generation of significant instantaneous positive and negative
uv events, more so the latter than the former, while having little influence on uv events of smaller
magnitude.

The pdf's of uv for four wall-normal locations are presented in figure 6(a-c) for the SM, RI and
R2 cases, respectively. It is interesting to note that the pdf's of positive uv events remain relatively
unchanged from the log layer (y = 0.1h) to the centerline in the smooth-wall case [figure 6(a)],
indicating that the turbulent motions responsible for such contributions maintain their intensities
across the outer layer. The same cannot be said of the negative uv events in the smooth-wall case
as the negative tails of the uv pdf's show a distinct wall-normal dependence. Similar wall-normal
behavior is noted in both roughness cases (figure 6(b) for R1 and figure 6(c) for R2), although the
negative and positive uv tails show notable enhancement within the internal roughness layer.

2.3.2 Quadrant analysis

The results presented in figures 3-6 indicate that the surface roughness replicated from a damaged
turbine blade yields a net increase in the mean Reynolds stress through the generation of significant,
yet highly intermittent, instantaneous negative uv events. However, it is not known whether these
negative uv events are associated with an increased number of ejections, sweeps or both. Likewise,
the surface roughness also appears to generate an increased number of significant positive uv events,
albeit a much smaller number than the negative uv events, yet it is not clear if this is associated with
an increased incidence of outward interactions, inward interactions or both. Therefore, quadrant
analysis is used to identify the dominant contributors to the Reynolds-stress enhancement noted in
the presence of surface roughness.

Following Wallace et al. (1972) and Lu & Willmarth (1973), the mean Reynolds stress at each
wall-normal position can be decomposed into contributions from four quadrants (Q = 1 - 4),
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excluding a hyperbolic hole of size H, as

(C)

(UV)Q(y) = -J Z u(xj, y)v(x,y)I(x, y), (12)

3=l

where IO is the indicator function defined as

1when Iu(xj,y)v(xj,y)o > Iu)S (3
IQ(X,y) 0 otherwise

and M is the total number of vectors at each wall-normal position. Hence, the summation in

equation (12) represents an ensemble average amongst statistically-independent realizations and a
line average in the streamwise direction for fixed wall-normal location. As noted earlier, a universal

threshold I(uv)IlS{1 is used to define Io so that the enhancement of Reynolds-stress-producing
events due to the surface roughness can be clearly identified relative to the smooth-wall case. In

addition, a non-zero hole size, H, is used to exclude uv events of small magnitude in order to

determine the relative contributions of the significant uv events identified in the previous section.

Quadrant analysis yields three quantities of interest in assessing the overall contributions of

ejections, sweeps and inward/outward interactions t tthe mean Reynolds stress:

1. The Reynolds stress contributed by each quadrant for a given H: (uv)Q(y);

2. The stress fraction associated with each quadrant event for a given H:

SQ(y) - (uv)Q(Y) (14)
(uv)(y)
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3. The space fraction occupied by each quadrant for a given H:

NQ (y) y) (15)M

Three hole sizes, H = 0, 2, and 5, are studied and represent contributions to the total mean

Reynolds stress from all, only moderate-to-strong events and only strong events, respectively.
However, only the results for H = 0 and H = 5 will be presented herein as the H = 2 trends
are qualitatively similar to those at H = 5. Further, the wall-normal trends of these quantities
are only presented within the internal layer (y _< 0.35h) where the surface roughness exerts its
influence.

Figure 7 presents the Reynolds stress contributions, (uv)Q, from ejections, sweeps and in-
ward/outward interactions corresponding to H = 0 for the smooth and rough cases as a function

of wall-normal position. The case H = 0 implies that

4

E(UV)Q(y) = (uv)(y), (16)
Q=I

meaning that all contributions to the mean Reynolds stress, intense and weak, are included in
this quadrant decomposition. Surface roughness significantly enhances the Reynolds-stress con-
tributions of ejections and sweeps while increasing the contributions from the inward/outward
interactions only slightly. The R2 case displays the largest increase in ejection and sweep contribu-
tions, consistent with the observations noted earlier. In addition, ejections and sweeps appear to
contribute equally to the mean Reynolds stress for y < 0.1h; however, for y > 0.1h, the contribu-
tions from ejections begin to outweigh those from sweeps. As with the total Reynolds stress profiles
presented in figure 3, the contributions presented in figure 7 are normalized by the smooth-wall
friction velocity since measurements of the wall shear stress over the roughness were not available.

While the absolute contributions of Reynolds-stress-producing events, particularly ejections and
sweeps, are altered in the presence of surface roughness, the stress fractions for H = 0 show little
dependence on surface roughness (figure 8). In particular, ejections account for roughly 60-70%
of the mean Reynolds stress while sweeps account for approximately 60% in the region y _K 0.35h
in both the smooth- and rough-wall cases. The inward and outward interactions generate stress
fractions with magnitudes more than three times smaller than those of the ejections and sweeps
over the same wall-normal extent. Finally, surface roughness appears to have little influence on
the space fractions of the ejections, sweeps and inward/outward interactions as the smooth- and
rough-wall results collapse in the region y < 0.35h (figure 9). Ejections and sweeps are found to
occupy a significant fraction of space in this wall-normal region, accounting for nearly 70% of the
events for H = 0 irrespective of surface condition with the remaining 30% associated with inward
and outward interactions.

Figure 10 presents the Reynolds stress contributions from ejections, sweeps and inward/outward
interactions corresponding to H = 5 for the smooth and rough cases. The use of H = 5 ensures
that only the most intense Reynolds-stress-producing events are considered in the quadrant decom-
position. For H = 5, the contributions from both outward and inward interactions are essentially
zero for both the smooth- and rough-wall cases. In contrast, both ejections and sweeps show clear
dependence on the surface conditions as both the R1 and R2 cases yield a significant enhancement
of the smooth-wall contributions of such events, most notably in the case of R2. The contributions
from ejections are found to be slightly larger than those of sweeps except close to the wall where
sweeps contribute slightly more to the overall Reynolds stress compared to ejections. These wall-
normal trends are consistent with the recent turbulent-boundary-layer results of Flack et al. (2005)
over long streamwise fetches of sandpaper and wire mesh.
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Figure 7: Contributions of each quadrant to the mean Reynolds stress, (uv)Q, as a function of
wall-normal position for H = 0. (a) Ejections; (b) Outward interactions; (c) Inward interactions;
(d) Sweeps. 0: SM; A: RI; 0: R2.

The dependence of the Reynolds stress contributions on surface condition for H = 5 is also
notable in the stress fractions presented in figure 11. The R1 and R2 cases are found to yield
ejection stress fractions significantly larger than the smooth-wall case for y < 0.35h while the
same rough-wall cases yield enhanced sweep stress fractions for y < 0.2h. Therefore, while the
stress fractions for H = 0 display little sensitivity to the surface conditions, the stress fractions
associated with the most intense uv events display significant dependence on the surface topology.
Further, the stress fractions associated with inward/outward interactions are found to be nearly
zero for H = 5, meaning that the most intense Reynolds-stress-producing events are almost always
ejections or sweeps, irrespective of surface condition.

While ejections and sweeps account for the most intense uv events, they occupy very little
physical space (figure 12). In particular, while intense ejections and sweeps together account for as
much as 70-80% of the mean Reynolds stress (most notably in case R2), these events occupy only a
small fraction of space, with the space fraction increasing slightly in the presence of roughness. This
slight increase of NQ in the presence of surface roughness is consistent with the pdf's of uv presented
in figure 5 which illustrate that surface roughness generates a larger number of significant ejection
and sweep events. Most notably, the R2 case generates the largest space fraction for both ejections
and sweeps, 3-6%, attributable to the generation of many more intense uv events compared to the
smooth-wall case and even the R1 case. Therefore, while the overall (H = 0) stress and space
fractions are unaffected by the surface conditions, the stress and space fractions of the most intense
uv events are strongly correlated with the surface topology as evidenced by the notable differences
between the smooth-wall, R1 and R2 cases for H = 5.

Finally, the relative contributions of ejections and sweeps as a function of wall-normal position
can be quantified by the ratio

a (uv)2(y)2 (17)
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